Absbac&Psendc-chaotic time hopping (PCTH) is a recently proposed modulation scheme for U W B impulse radio. PCTH exploits concepts from symbolic dynamics to generate aperiodic spreading sequences. In this paper, we present a general analytical expression for the average BER (bit-emr-rate) of a synchronous multi-access PCTH system, as a function of the crosssorrelation between the users' signatures in an AWGN (additive white Ganssin0 nobe) channel. Also, it is shown that with enough users an ermr Boor in the BER can develop.
In this paper we present a multiple access technique for the PCTH communication scheme, that we call MA-PCTH.
In MA-PCTH, each pulse transmitted by the original PCTH scheme is replaced by a pulse-train, different for each user. Each pulse-train represents the user "signature", very much like in CDMA (code-division multiple access) schemes [I I] , but now in the time domain. The signal for each user is demodulated using a pulse correlator followed by maximum-likelihood detection [IO] .
This paper is organized as follows. In Sec. 11, we recall the basic MA-PCTH modulation scheme. In Sec. 111, the general expression of the BER performance is presented, followed by the conditions for an error floor in Sec. 1V. Simulation results are shown in Sec. V.
MULTI-ACCESS PSEUDO-CHAOTIC TIME HOPPING
In this section we recall the basics of PCTH [SI . PCTH exploits symbolic dynamics to embed user input data into a pseudo-chaotic sequence. A simple example of a chaotic map is the Bernoulli shift [12], defined as:
(1) X L + I = 2xk mod 1 The state z can be expressed as a binary expansion: In PCTH, the Bernoulli shift (I) is approximated by means of a finite-length (M-bit) shift register, R. The output of the pseudo-chaotic encoder is used to drive a pulse-position modulator (PPM). Each pulse is positioned, dependent on the pseudo-chaotic modulation, within a periodic frame of period TF. In other words, only one pulse is transmitted within each frame time. If the pulse occurs in the first half of the frame a "0" is being transmitted, otherwise a "I". Each pulse can occur at any of N = ZM discrete time instants; where M is the number of bits in the shift register, R. The PCTH receiver comprises a pulse correlator, matched to the pulse shape, followed by a pulse-position demodulator (PPD) and a detector. In the simplest case the binary message may be retrieved by means of a threshold detector at the output of the PPD. For more details, see reference [SI.
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where cy) E { O , 1) (I = 0,. . . , N , -1) is the binary sequence form that in this work is assumed to be rectangular:
representing the j-th user's signature. wp(t) is the pulse wave- In general, with N, users transmitting simultaneously, the input tothe j-th receiver will r(t) = s(j)(t)+nY(t)+n(t),
where the term n$'(t) accounts for the multi-access interference ( M I ) , caused hy the remaining (Nu -1) usm. Fig. I , the j-th receiver wmpriss a pulse wmlator for the pulse waveform wp(t). The output ofthe wrrelator is given for slot s by: wp(r)r(7)dr,
Referring to
analysis we assume that, for each the pulse-trains are confined within the slot time T,, i.e. the user signatures do not frame time TF, two generic users 6) and (k) will either transperiod, is illustrated in Fig. 2 .
pressed, for each frame, as:
the user signature, that is: a; Thus, the Output of the transversal filter for slot s is:
invade adjacent slots. This also implies that, within a given
where the subscript s runs over the number of slots per frame. The pulse-position demodulation is carried out by applying a maximum-likelihood criterion on each h e . Namely, the mit in different slots or collide. The situation, for a single frame i=O The transmined signal, sO)(t), for the j-th user can be ex- Uwn (j) and (k) exhibit a collision in the third slol (sa).
is generated and the pulse-train for the jrth user is bansmined in the corresponding slot, within the frame.
crh of"tim most likely slot, dJ), is:
The effect of users 2 and 3 transmitting in the same slot as user 1 can be readily seen from Eq. (5) as effectively improving the SNR and decreasine the error orobabilitv of user I .
I
Finally, the estimate 6:' of the transmitted bit (for the j-th user) can be obtained by means of a threshold detector.
The probability of error for the remaining events Clz, CZ3.
and C13 can be calculated using:
THEORETICAL BIT ERROR RATE
In this section we analyze the bit-error-rate performance of the MA-PCTH scheme. The SNR (signal-to-noise ratio) is defined by Eb/No,where E b is the energy per user bit and NO is the single-sided noise power spectral density (U: = N@) of the AWGN (additive white Gaussian noise). We assume that the receiver tries to demodulate the data transmitted by user 1 in the presence of multiple access interference introduced by the (Nu -1 ) other users. The cross-correlation value with each user is normalized to the auto-correlation value of user 1. We present a detailed analysis for the three-user case and provide a general BER expression for an arbitrary number of users.
A. Three-User Case
If three users are present, all three can transmit in different slots (event denoted by A), all three can transmit in the same slot (event B), or each of the three possible pairs of users can transmit in the same slot (events Clz, CZ3, CIS). Specifically, C;j corresponds to users i and j transmitting in the same slot and the remaining user in a different slot. The average error probability, Pe, of detecting user 1 in the wrong slot is: P(error1A) is obtained by modifying the symbol error probability of N-ary orthogonal signaling [IO] , by considering that users I, 2 and 3, each transmit in different slots:
where: @(z) = &J:',e-Cdt, S1 = E1/Nais the SNR of usm 1, with Et the transmitted energy of user I, and yj = C2i1 cil)cy' denotes the periodic cross-correlation between user 1 and j. On the other hand, P(error1B) is obtained by considering that the interference due to user 2 and user 3 appears in the same slot occupied by user 1:
.-Jis;rl+7.,)2dy (6)
*(y)"-2]
e -( where denotes the total cross-correlation of users transmitting in the same slot, but different from the slot occupied by user 1, and 7 . indicates the total cross-correlation of users occupying the Same slot as user 1. Then, P(errorlC12) is found by setting {^(d = 73, ^1. = .IZ},P (errorlC13) is found by setting {~d = 7 2 ,~~ = 73}, while P(en.orlCZ3) can be obtained by setting { 7 d = 7 2 + 73, % = 0).
B. General case
For N, users, we generalize the previous considerations to the following interference event denoted by C. There are n slots indexed by a = 1, . . . , n, different from the slot used by user In order to calculate the average probability of error in the general case, we need an expression for the probability of each of the possible interference events. The average probability of error is: 
IV. ERROR FLOOR CONDITION
If only two users are present, for each h e , they transmit P(error1A) = (9) either in the same slot or in different slots. The maximum interference, due to the total cross-correlation, h , h a s just a single term, that due to user 2. If, as required to discriminate among different users, the cross-correlation between users I and 2 is less than unity no error floor is present. For more than 2 users, the condition for the existence of an error floor is: k,pf users transmitting in the same slot, a2 users transmitting in the same slot but different than the AI users, etc. The superscript 1 indicates that user 1, the user of interest is included in that set. For all cases, in order to calculate the BER, we need to convert symbol errors to bit errors. Namely, we convert the probability of detecting user 1 in a wrong slot, P. , to the bit error probability 9. The errors which consist of confusing the slot used by user I with any of the other N -1 slots are equiprobable and occur with probability: P,/(N -1) = P,/(ZM -1).
Let's assume, without loss of generality, that the binary information digit transmitted by user I is zero; then the probability that the receiver makes a bit error is the probability of confusing the slot where user I is transmitting with any of the last N/2 slots in the frame. Thus, If three or more users are present, the value of the error floor is the sum of the event probabilities, P(C'), where the condition (13) is met It follows that the ermr floor can be expressed as:
S N R -m
V. SIMULATION RESULTS
This section reports the BER simulation results for the MA-PCTH scheme and compares them with the theory. In OUT previous work we have sbown that the BER performance improves with decreasing cmsscorrelation [14] . This is consistent with the fact that orthogonal signaling results in the best possible BER performance.
In the simulations we used M = 8 bits corresponding to N = 256 PPM levels, with Ne = 32 chipdslot. In each of the multi-user cases, a 32-bit signahlre sequence was assigned to the different users. The binary sequences that we chose to use were randomly selected. One constraint imposed on the sequence selection process was that each sequence should contain an equal number of ones (specifically 16 ones and 16 zeros). This maintains a constant energy across all users. The randomly selected sequences have a periodic cross-correlation value to user I, the user of interest, of 0.5625. Fig. 3 shows the analytically calculated (using Eq. ( 8 ) ) and simulated two-, three-, and four-user bit-ermr-rate curves. Since the maximum cross-correlation in the two-user case does not meet the critenon of Eq. (13). no error floor is present (see Fig. 3(a) ). With 7 set to 0.5625, Eq. (13) is first satisfied for three users. The maximum cross-correlation, yT,in the three-user case is 27 = 1.125. The three-user case is shown in Fig. 3@ ) where the error floor is due to the event &, as discussed in Sec. 111-A and Sec. IV. The value of the error floor is the corresponding mefficient, P(C23) = (N -1)/N2. Converting from symbol ermr rate to BER using, Pb(Cz3) = $&Pe(c23), we find the floor to be 1.953E-03. Eq. (1 1) can be used to calculate the expected performance of the 4-user case. Fig. 3(c) shows the simulated and.calculated performance with 72 = 73 = 7 4 = 0.5625. Notice that the error-floor value increases with the number of users.
VI. CONCLUSIONS
The success of MA-PCTH as a communication system depends on how many users can be suppotted at a sufficiently low error rate and a sufficiently high data rate. In this paper we have presented a general expression for the average probability of error for synchronous MA-PCTH. We have shown that the BER is dependent on the total cross-correlation and thus the number of users. Also, an error floor exists if the total crosscorrelation exceeds one.
